INTRODUCTION
The ability of cells to communicate with each other is of vital importance in maintenance of normal tissue homeostasis. Gap junctions composed of connexins can provide this mechanism of synchronized cellular response facilitating the metabolic and ion exhange functions of the cell. The association of human genetic disease with specific connexin mutations including progressive neuropathy, sensorineural hearing loss and hyperproliferative skin disease has established a major role for gap junctions in a diverse range of physiological processes (1, 2) . Dominant and recessive mutations in the gene GJB3 encoding Cx31 can cause the skin disease erythrokeratoderma variabilis (EKV) (3, 4) . Dominant GJB3 mutations have also been described associated with progressive hearing loss with no epidermal manifestations (5) . To add further complexity to the biology of Cx31 and its role in disease is association of another dominant GJB3 mutation, 66delD, with peripheral neuropathy and sensorineural hearing loss (6) . These genetic studies suggest that different mutations in the Cx31 protein have distinct effects on epidermal differentiation, auditory transduction and peripheral neuronal function. For example, transfection of skin disease associated Cx31 mutations into keratinocytes induces cell death, whereas deafness and neuropathy mutations do not (7) . In this study, we have investigated the cellular functions of wild-type and mutant Cx31 in neuronal cells.
RESULTS
The SH-SY5Y cell line is a human epithelial cell derived neuroblastoma cell line, consisting of neuroblastic cells with multiple, fine, short cell processes (8) . These cells were differentiated into human neuron-like cells, with sequential treatment of all-trans retinoic acid and brain-derived neurotrophic factor (RA/BDNF) as described previously (9) . Differentiation in these cells was accompanied by a characteristic change in cell morphology, with the growth of long, branched neuronal processes from the cell body [a widely used marker for neuronal differentiation (9 -11) ]. This was accompanied by a decrease of cytoplasmic medium neurofilament (NF-M) as previously reported (9) with a redistribution of NF-M from the cytoplasm to the perinuclear area and the base of growing neuronal processes. The expression of human Cx isoforms was examined by immunofluorescence in the SH-SY5Y cell line, pre-and post-RA/BDNF differentiation treatment (Fig. 1) . Low or absent expression of Cx26 (Fig. 1A and B) , Cx30.3, Cx32, Cx40, Cx43 and Cx45 (data not shown) was seen in differentiated and undifferentiated neuronal cells. In undifferentiated cells, Cx30 and Cx31 were expressed in the cytoplasm and Cx31 was seen at low levels in the plasma membrane ( Fig. 1C  and E) . Following induced differentiation treatment, Cx30 could be seen in the cell membrane and in the processes that extended from the cell body (Fig. 1D) . Cx31 was strongly expressed both in the cytoplasm and at the cell membrane where bright, punctate GJ plaque-like protein aggregates were clearly visible at the plasma membrane and between the cell processes at points of cell -cell contact (Fig. 1F) .
The increase in Cx31 and Cx30 expression in SH-SY5Y cells after differentiation suggested that one or both of these Cx may play an important role in neuronal differentiation. To test this hypothesis, pSin-(WT)Cx31 -EGFP and pSin-(WT)Cx30 -EGFP constructs were transfected into SH-SY5Y cells ( Fig. 2A -C ). Cells transfected with the empty pSin vector had little effect on the cell morphology ( Fig. 2A) . The cells transfected with (WT)Cx30 -EGFP maintained the more rounded cell shape of untransfected cells (Fig. 2B) . In contrast, SH-SY5Y cells transfected with (WT)Cx31 -EGFP showed the characteristic cell shape of differentiated cells similar to that of the differentiated morphology of neurite processes following RA/BDNF treatment (Fig. 2B) . We also transfected rat PC12 neuronal and saw a similar pattern, although not as extensive (data not shown). PC12 cells transfected with (WT)Cx31-EGFP showed changes in cell shape, with longer cell processes that showed some branching. The cell body also changed, becoming less rounded and more irregular in shape. Our results indicate that the expression of Cx31-EGFP induce neurite outgrowth in SH-SY5Y cells (and to a lesser extent in PC12 cells), a key feature of neuronal differentiation. Previously, Cx32 and Cx43 have been shown to effect neurite outgrowth in PC12 cells (11) . Although neurite outgrowth is a common measure of neuronal outgrowth, we also looked at several markers of neuronal differentiation. We saw little change in expression by western blotting but this may, in part, be due to the low level of transfection efficiency (data not shown). One marker, NF-M, is reduced upon neuronal differentiation. Using immunofluorescence, we observed a reduction in NF-M expression in cells expressing Cx31-EGFP post-transfection (Fig. 3) , consistent with neurite outgrowth and neuronal differentiation. It is thus likely that the expression of Cx31 mediates at least certain aspects of neuronal differentiation.
We have previously shown in skin that Cx31 is expressed at low levels in basal and spinous layers of the epidermis and at high levels in differentiated keratinocytes in the granular layer (12) . In order to see whether exogenous expression of Cx31 in the basal layer of the epidermis would affect keratinocyte differentiation, we infected primary human keratinocytes (passage 1 or 2) with retroviral construct driving Cx31 -EGFP chimeric constructs from a cytomegalovirus (CMV) promoter (80 -90% transduction efficiency). Cells were seeded on a de-epidermalized dermis and raised to the airliquid interphase for 3-12 days in order to induce epidermal differentiation similar to that seen in vivo (13) . In contrast to the effect seen in neuronal cells, no striking difference in keratinocyte differentiation upon induced Cx31 expression was observed by haematoxylin and eosin (H&E) staining nor using markers of differentiation, such as involucrin, K1, K10 and loricrin (Fig. 4) . This suggests that Cx31 may have tissuespecific functions.
Three dominant disease-associated Cx31 mutants were transfected into SH-SY5Y cells to investigate their influence on Cx31-induced neuronal differentiation: (66delD)Cx31 mutation is associated with neuropathy and hearing loss and (R42P)Cx31 and (C86S)Cx31 are associated with the skin disease EKV (6, 14) (Fig. 2D -F) . The degree of neuronal differentiation associated with transfection of the mutant and wild-type constructs was measured using a neurite outgrowth assay (15) (Fig. 5) . The results of the neuronal outgrowth assay confirms previous work (13) that non-transfected, naive SH-SY5Y cells show a degree of spontaneous differentiation, with 43% showing differentiation-like neurite growth. Control transfected cells carrying the empty pSin -EGFP vector showed a similar level of differentiation (36.2%), as did cells transfected with pSin(WT)Cx30 -EGFP (36.6%). As expected from previous transfection experiments, pSin(WT)Cx31 -EGFP-transfected cells showed higher . Low levels of Cx30 (C) and Cx31 (E) were expressed in undifferentiated SH-SY5Y cells and the expression of these proteins is increased upon differentiation with more punctate staining at the membrane for both Cx30 (D) and Cx31 (F). This is accompanied by a characteristic change in morphology, with the growth of neurites from the cell body (40Â).
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Human Molecular Genetics, 2007, Vol. 16 , No. 2 numbers of differentiated cells (60%). pSin(66delD)Cx31 -EGFP inhibited differentiation to less than half of that in nontransfected cells, with only 20% of transfected cells showing the differentiated morphology. Surprisingly, the similar nontrafficking mutant pSin(R42P)Cx31 -EGFP transfected cells showed a higher level of differentiation than cells transfected with the (WT)Cx31 construct at 63% differentiation. Another non-trafficking skin disease (C86S)Cx31 also induced neurite outgrowth (Fig. 2F ). In conclusion, this suggested that Cx31 induced neuronal differentiation via a non-gap junction associated mechanism associated with a cytoplasmic pool of Cx31.
Another observation was that (R42P)Cx31 and (C86S)Cx31 did not induce neuronal cell death even though a cell death phenotype occurs in epithelial cells further supporting tissuespecific processing of mutant Cx31 (7). SH-SY5Y cells had very low endogenous Cx expression, but cell differentiation (induced by treatment with RA and BDNF) brought about an increase in the expression of both Cx30 and Cx31. Gap junctional coupling in these cells was measured in untreated and pSin-(WT)Cx31 -EGFP retrovirally transduced SH-SY5Y cells by dye transfer assay (Fig. 6) . Coupling was found to be similar and relatively low in these cells in either their undifferentiated or Cx31-induced differentiated state, lending further support to a gap junction-independent role for Cx31 in neuronal differentiation.
To see whether these cell morphology changes correlated with changes in molecular gene expression signatures, microarray gene expression was performed comparing the gene expression profiles of (WT)Cx31 and (66delD)Cx31 expressed in SH-SY5Y cells by retroviral transduction (estimated to infect 90% of cells). No analysis was performed with (R42P)Cx31 or (C86S)Cx31 as these constructs induced cell death in the Phoenix packaging cell line used to generate the retrovirus. Following analysis of the Hu133A arrays using Genespring, a number of genes (103) were identified as being differentially expressed in cells expressing the pSin(66delD)Cx31 -EGFP construct when compared with wild-type and EGFP controls (Fig. 7) . Supervized clustering of the samples using the differentially expressed gene list highlights a group of genes (29 genes, coloured red) with a .2-fold increase in gene expression. In addition, genes with decreased expression in 66delD were also identified (74 genes, coloured blue).
Additionally, we performed pathway architect analysis of (WT)Cx31-EGFP versus EGFP and (66delD)Cx31-EGFP versus EGFP in order to identify hypothetical pathways regulated by wild-type versus mutant Cx31. As seen in Figure 8 and Table 1 , a number of pathways that were shared or expressed uniquely by WT/EGFP and 66delD/EGFP were identified.
DISCUSSION
The data presented in this study demonstrate a role for Cx31 in enhancing neurite outgrowth, a key feature of neuronal differentiation, related to both endogenous and exogenous Cx31 expression. In this study, we provide evidence that Cx31 has a function beyond intercellular channel formation to encompass multifunctional cellular roles in a tissue-specific manner. The expression of Cx31 is unlikely to be essential for neuronal differentiation, however, as recessive deafness Cx31 mutations do not cause neuropathy and Cx31 KO mice show no abnormal neuronal development or behaviour (16, 17) .
Towards identifying the molecular changes associated with Cx31 expression, gene array analyses were performed and revealed a change in global gene expression between (WT)Cx31 and the deafness/neuropathy-associated mutation, (66delD)Cx31. Further studies are required to fully characterize the signalling pathways and cell processes mediated by Cx31. A number of genes involved in actin re-organization were decreased in the 66delD-transduced cells, such as cofilin-1 (3-fold decreased) and nebulette (2.2-fold decreased), indicating potential de-regulation of components of the cytoskeletal pathway which may account for the block in differentiation. Furthermore, genes such as neurofilament light peptide (NEFL) and growth differentiation factor 11 (bone morphogenic protein-11) were at least 5-fold decreased in 66delD-transduced cells. The former is involved in filament formation in neuronal cells and the latter has a major role in mesoderm differentiation and axial skeleton patterning.
Neuronal differentiation is associated with major remodelling of the actin cytoskeleton in order to enable the growth of neurites from the cell body (18 -20) . The major morphological change associated with neuronal differentiation requires not only changes to the actin cytoskeleton, but also an increase in plasma membrane area to accommodate the growth of neurites. This rapid expansion has been estimated to be in the order of 0.5 mm 2 /min per mammalian neurite (21) . A role for actin in the formation of functional Cx31 GJ channels has recently been suggested; chemical disruption of actin filaments in HeLa cells transfected with Cx31 prevents the formation of functional channels at the plasma membrane (22) . In addition, Cx31 could be able to bind actin via a protein intermediate. Cx43 has been shown to be able to bind to drebrin, an actin-binding protein that could serve to link gap junctions to the actin cytoskeleton, and drebrin depletion by small interfering RNA was shown to reduce Cx43 GJ expression and coupling (23) .
Previously, functional studies on connexins have focused on their role in forming functional gap junctions and later as hemichannels (24) . The association of human diseases associated with specific Cxs have provided useful molecular tools to dissect the function of connexins in different tissues. 
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Specifically, mutations in Cx31 have revealed tissue-specific processing and distinct cell phenotypes of skin disease or deafness -neuropathy-associated mutations (7, 25, 26) . In this study, we have extended these studies and identified a non-gap junction function of Cx31 in neurite outgrowth.
MATERIALS AND METHODS

Cell culture
SH-SY5Y cells were cultured in 5% CO 2 at 378C in 1:1 Ham's F12:DMEM media supplemented with 10% FCS. PC12 cells With the use of Genespring analysis software, data analysis was performed on human 133A microarray data (Affymetrix). A number of genes were identified as being differentially expressed, by at least 2-fold, between the differentiated and undifferentiated phenotypes. Statistical analysis of these differentially expressed genes (one-way ANOVA) resulted in 103 genes that exhibited differential expression in 66delD on comparison with Cx31 and EGFP control (yellow, similar expression levels; red, increased expression; blue, decreased expression relative to Cx31 and EGFP). A number of the differentially expressed genes are associated with neuronal differentiation. Supervized clustering was performed using Genespring. First, an experiment tree was generated using a Spearman correlation and subsequently a gene tree was obtained using a Pearson correlation-the resulting tree is illustrated above.
were cultured in 5% CO 2 at 378C in E4 media supplemented with 10% FCS and 1 Â streptomycin/penicillin.
Transfection of neuronal cells
Cells were seeded at 2 Â 10 5 per 13 mM cover slip in 24 well plates, 24 h prior to transfection. Cells were transfected with the following constructs, using fugene lipofection: pSin(WT) Cx30-EGFP, pSin(WT)Cx31-EGFP, pSin(del66D)Cx31 -EGFP, pSin(R42P)Cx31 -EGFP and pSin(C86S)Cx31 -EGFP. For each cover slip, transfection mix containing 0.6 ml Fugene and 0.2 mg DNA construct and made up to 20 ml with serum-free culture medium was prepared. Cells were incubated for 48 h, then fixed in 4% paraformaldehyde for 90 min. Cells Binding factors  HNF4A, E2F4, RBL2  TAF1, SMAD3, ATF2, Calcium, USP1,  SRRR, NUDT6, UMPS   E2F1, IKBKG, ONECUT1, PP2C family, ATM,  BARD1, integrin transription factor  family  Transcription factors  IL2, IFNG  FOS, MYC,  TGFB1, IL1B, TNF, MMP9, HLA-E, COL3A1,  CD80  Post-translational modification  AKT1, MAPK1,  ELK1, PTK2B, MAP2K1, MAPK3, MAPK14,  SOS1, EGF, This table is a summary of genes/proteins (node) where the microarray data seems to influence this pathway by the relevance interaction algorithm as described in Figure 8 . A variety of interaction networks were analyses such as binding factors, shown in Figure 8 . A protein/gene or node is only listed if at least four genes (2-fold or more differentially regulated in the microarray analysis) are connected to that node. Figure 8 . Pathway architect analysis of microarray data. Genes deregulated 2-fold or more in SH-SY5Y cells expressing wild-type Cx31-EGFP versus EGFP alone, or from cells expressing 66DelD-Cx31-EGFP versus EGFP, were imported into Pathway Architect (Stratagene) for analysis. Using a relevance interaction algorithm, pathways were generated, whereby it is thought likely that genes deregulated in the microarray analysis significantly associates with this pathway. This example shows the pathways generated by a relevance interaction network of binding factors. Some pathways (in blue) are shared between wildtype and mutant Cx31, for example, HNF4A. Other pathways are unique (in black) such as TAF1 where more than 40 genes deregulated !2-fold are associated with this binding factor in Cx31 versus EGFP cells, whereas this pathway is not present at all in 66delD versus EGFP cells. Genes in green are downregulated in the microarray analysis, whereas red denotes genes upregulated (colour is gradient-dependent).
were stained using mouse a-NF-M antibody (Zymed, USA) and Alexa Fluor 546 rabbit a-mouse (Molecular Probes, USA) and counterstained with DAPI [2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride, Sigma] at 1 mg/ml to visualize cell nuclei. Similar expression levels (driven from CMV promoter) between the constructs were noted.
Neurite outgrowth assay
Differentiation was assessed in SH-SY5Y cells using the previously reported neurite outgrowth assay (9) . Cells with one or more neurite longer than the length of the cell body were counted as differentiated. Differentiation is expressed as percentage transfected cells showing differentiated morphology of total tranfected cells per field of view. Fifteen fields of view were counted from each of three separate transfection experiments.
Immunofluorescence
Endogenous Cx expression was examined in SH-SY5Y cells using in-house rabbit anti-Cx31 and rabbit anti-Cx30 antibodies, with Alexa-488 labelled goat anti-rabbit fluorescent secondary antibodies (Molecular Probes). Cells were fixed for 90 min in 4% paraformaldehyde, then washed in phosphate-buffered saline (PBS) before 15 min permeabilization with 0.1% Triton X-100 (Sigma) and blocking in 0.2% fish-skin gelatine. Cells were incubated with primary antibodies diluted to 1:100 for 1 h at 378C, then washed three times for 10 min with PBS and incubated with secondary antibody diluted to 1:200 for 1 h at room temperature in darkness. Cells were washed three times with PBS before 5 min incubation with DAPI, followed by three further PBS washes. Cover slips were mounted onto slides using immunomount before examination by fluorescent microscopy.
Retroviral transduction of cells
In order to produce retrovirus containing the pSin -Cx constructs, phoenix packaging cells were transfected with the relevant constructs (as described above), and at 24 h after transfection, the cells were moved to a 328C incubator, where retrovirus was released into the culture medium. The resulting retrovirus-containing media were incubated with the target cells for 48 h at 378C in order to achieve retroviral transduction of the target cells. Efficiency of transduction was estimated to be 80 -90% after 48 h of incubation.
Dye transfer assay
Cell coupling was measured using scrape loading. At 100% cell confluence, a solution containing 100 mM Alexa A-350 dye (350 kDa, blue) and 100 mM Alexa A-568 dye (731 kDa, red) was added and cells were scraped with a scalpel and incubated for 5 min before three times PBS washes and fixation in 4% paraformaldehyde. No transfer was seen in scrapeloadings using control fluorescent dextran (MW 10 000). Extensive dye transfer was seen in control cells (HaCaT keratinocytes).
All probes were obtained from Invitrogen and images were taken on a Nikon inverted fluorescent microscope using Metamorph software.
Microarray analysis
Total RNA was isolated from retrovirally transduced SH-SY5Y cells, transduced with either Cx31-66delD -EGFP, Cx31-EGFP or EGFP alone. Extraction was performed using the QIAGEN RNAeasy mini kit. RNA quantity and purity were assessed using a Biophotometer (Eppendorf). Sample preparation for Affymetrix analysis was performed according to Manufacturer's protocol. Five micrograms of total RNA was reverse transcribed to double-stranded cDNA and subsequently an in vitro transcription was performed at 378C for 16 h (biotinylated cRNA). Fragmentation of biotinylated cRNA (20 mg) was performed at 948C for 35 min and hybridization cocktails were prepared according to manufacturer's instructions. Hybridizations were performed at 458C for 16 h, and subsequently the arrays were washed and stained using streptavidin phycoerythrin and the EukGE Ws2v4 protocol. Samples were hybridized to TEST3 chips (Affymetrix) to assess the quality of starting material. The 3 0 /5 0 GAPDH ratios for all samples were ,3.0 (mean 0.91, range 0.84 -0.96) and sensitivity controls (BIO B -D) were detected in all samples. Having rigorously assessed the quality of the RNA samples, they were hybridized to human 133A arrays (Affymetrix). These arrays have more than 22 000 genes represented on the chip surface. All scanned images were analysed using Microarray suite (MAS 5.0) and the present/marginal/absent calls were assigned. A target intensity value of 100 was used for all samples and scaling factors were within 3-fold of each other as per manufacturer's instructions. MIAME guidelines were adhered to wherever possible.
All data files were imported into and normalized (Per Chip, Per Gene) within Genespring 6.1. The normalized data were analysed according to phenotype, i.e. differentiated (Cx31, GFP alone) versus undifferentiated (66delD). Data files from the 133A arrays were 'filtered on flags' in two ways: first, by removing all genes called ABSENT in all samples and secondly by identifying genes called Present in at least 30% of samples. This latter list of 'Changing genes' contained 10 852 genes and was subsequently used in fold change interpretations and statistical analysis in Genespring (Welch's t-test). Supervized clustering was performed in Genespring using the 103 genes that were a minimum of 2-fold differentially expressed and statistically different between the 'undifferentiated' and 'differentiated' phenotype (experiment tree: Spearman correlation, gene tree: Pearson correlation; Fig. 7) .
For pathway architect analysis (http://www.stratagene. com), genes with a minimum of 2-fold differential expression were imported into the software (493 genes in Cx31 versus EGFP, and 448 genes in del66D versus EGFP). All genes were selected and standard relevance interaction pathways were performed to generate hypothetical pathways that may be significantly different between wild-type and mutant Cx31 (Table 1 and Fig. 8 ).
